Study Design. Retrospective study.
A tlantoaxial dislocation (AAD) is a common upper cervical disorder and the main objectives of surgical treatment are to restore normal atlantoaxial alignment, relieve ventral cord compression, and regain atlantoaxial stability. It is, however, often considered as an area with high surgical risks due to the complicated anatomy and deep location and the proximity to vital neurovascular structures. Recently, the surgical treatment of this disorder improved because of progresses made in craniovertebral surgical techniques. In ordinary clinical circumstances, posterior C1-C2 or C0-C2 fixations with or without reduction of C1-C2 were usually adopted to treat AADs. The effects of these procedures on decompression and reduction are, however, insufficient sometimes, especially for the irreducible or fixed atlantoaxial dislocation (FAAD) cases with ventral cord compression. Therefore, we developed the TARP (transoral atlantoaxial reduction plate) system in 2002, which made it possible to achieve atlantoaxial release, reduction, decompression, and internal fixation through an anterior transoral approach. [1] [2] [3] From April 2003 to September 2014, we have treated 388 patients with this system. In the present study, we introduced the TARP procedure, retrospectively reviewed the clinical data, and objectively evaluated the clinical outcomes of this technique in the treatment of AAD.
MATERIALS AND METHODS

The TARP System
The TARP system is a cervical plate made of a Ti-6Al-4V alloy (Patent No. ZL 03 2 24325.1) and is authenticated by the Chinese Government (State Food and Drug Administration Approval No. 3460719 [2006] for Medical Devices). There are four generations: the TARP-I ( Figure 1A ), a conventional plate; the TARP-II ( Figure 1B) , an anatomical plate; the TARP-III ( Figure 1C ), a plate with C2 anterior pedicle screws and the TARP-IV (Figure1D), a digitized plate. The plates were manufactured by Shandong Weigao (Weihai, Shandong Province, China).
The TARP reduction instrument was used for vertical distraction between C1 and C2 and horizontal pushing of anterior arch of C1 to dens of C2 to achieve threedimensional flexible reduction (Patent No. ZL 2003 1 0117408.9) (Figure 2 ).
General Information of the Patients
Three hundred eighty-eight patients (men 187, women 201; age 5-73 yr, average 39.7 yr) with AAD were treated by the TARP procedure from April 2003 to September 2014. There were 340 cases with irreducible atlantoaxial dislocation (IAAD, irreducible by biaxial traction for 1 wk) and 48 cases with FAAD (C1-2 bony union by computed tomography [CT] scan). There were 82 cases treated by TARP-I and TARP-II, 248 cases treated by TARP-III (computer-assisted design and rapid prototyping, 120 cases) and 58 cases treated by TARP-IV.
Operative Steps
Surgical Approach and Preoperative Preparation
Supine position was adopted with slight neck extension. General anesthesia was induced by nasal intubation and a transoral anterior approach was used. For some cases with TARP-III and all cases with TARP-IV internal fixation, 3D models of the craniovertebral junction and drill templates were created and designed by rapid prototyping technique serving as references intraoperatively.
Surgical Techniques
C1 anterior lateral mass screw ( Figure 3A ) was used in all types of the TARP. C2 vertebral body screw fixation was used in the TARP-I and TARP-II procedures with the screw (length 6-12 mm) angling 108 medially and 58 caudally. A C2 anterior pedicle screw fixation was used in the TARP-III and TARP-IV procedure with the screw (entry point 3-4 mm below the joint surface of C2 lateral mass [ Figure 3C ], length 12-22 mm) angling 208 to 308 laterally ( Figure 3B ) and 108 to 308 caudally ( Figure 3D) . A computer-assisted design and rapid prototyping technique was used for the TARP-III and TARP-IV procedure, which had the advantages of observing the anatomical structures in 3D models and to develop a drill guide to guide screw placement intraoperatively. Posterior decompression and C0-C2 internal fixation was used as a bailout procedure in some IAADs cases who had failed TARP procedure followed by anterior TARP removal.
Postoperative Managements
A hard cervical collar was used to maintain stability for 8 to 12 weeks. The nasal cannula was removed on the second or third postoperative day. Oropharyngeal ultrasonic atomization was performed four times a day until the wound was healed and dropsy abated. Nasal feeding was started from the third postoperative day until wound healing. Mannitol (20%, 125 mL) and methylprednisolone (80 mg) were used once a day for 3 days.
Follow-up and Clinical Observation
An instant postoperative X-ray was taken to evaluate instant reduction rates and anatomical reduction rates. CT scans were taken to evaluate the reduction of C1-C2 and assess the positions of the screws 1 week postoperatively and then at each follow-up. When the CT images display the atlantodental interval and the atlantoaxial joint relation were restored to normal range (i.e., The atlantodental interval is <3 mm in adults and <3.5 mm in children), it is defined as the anatomical reduction of C1-C2. The arthrodesis between C1 and C2 was confirmed by bone bridge formation showed on CT scan and no movements under dynamic flexion-extension cervical lateral X-ray radiographs. A magnetic resonance imaging was taken 2 weeks postoperatively to evaluate spinal cord decompression. This was done by measuring and comparing the pre-and postoperative sagittal diameter superior and inferior to the site of compression and by calculation through Yin's formula of spinal cord decompression, 4 according to which the spinal cord compression index and the decompression relief rate were calculated (Table 1) . Regular follow-up was carried out to identify screw loosening, wound dehiscence, and other complications. The occurrence of postoperative dysphagia was documented at the third month's follow-up. Japanese Orthopaedic Association (JOA) scoring 5 and the Symon and Lavender clinical standard 6 were used to evaluate neurological function and clinical outcome (Table 1) . According to the Symon and Lavender clinical standard, the patients' functional states were classified into four grades: (i) mild, only slight dysfunction, normal work; (ii) moderate, obvious dysfunction and partial work; (iii) severe, unable to work and walk only indoors; and (iv) extra severe, unable to get out of bed, stand, or walk. Improvement by one grade was defined as ''adequate'' and by two grades as ''excellent.''
Statistical analysis
The pre-and postoperative JOA scores were analyzed statistically by paired-sample t test using SPSS software (SPSS Inc., Chicago, IL, USA), version 13.0. The level of significance was set at P < 0.05.
RESULTS
Efficacy of Spinal Cord Decompression
Immediate reduction was achieved for all the cases (100%), of which 98% (380/388) were anatomically reduced. The anatomical reduction rate for cases with FAADs was 87.5% (42/48). Partial reduction was achieved in only six cases with AADs caused by severe basal malformations (Table 2) .
According to Yin's formula of spinal cord decompression as shown in Table 1 and Figure 4 , 3,4 the compression improvement rate of the upper cervical cord of the 340 IAAD cases is ranging from 75% to 100%, with an average of 88.4% (Table 2) .
Long-Term Outcome
The mean follow-up time was 60.5 months (ranging from 12 to 108 mo). One hundred six cases had complete follow-up data. Characteristic cases are shown in Figure 5 A-H, Figure 6 A-H, and Figure 7 A-F.
Eight cases with screw loosening had pharyngeal foreign body sensation. The other cases experienced no pharyngeal discomfort or dysphagia at the postoperative month 3. All the cases without screw loosening gained bony fusion between C1 and C2. In all cases with bony fusion, the rotatory Range of Motion (ROM) of the cervical spine was partially restrained, but the flexion and extension ROM was well compensated by the lower cervical spine.
The preoperative and the last follow-up cervical cord function was evaluated according to the JOA scoring system. The postoperative relieve rate (Table 1) ranged from 16.4% to 100% with an average value of 62.1% (Table 3) .
According to the Symon and Lavender standard there were 0 mild, 28 medium, 43 severe, and 35 extra severe cases preoperatively diagnosed. At the last follow-up, 48 cases were relieved and there were 21 mild, 24 medium, 13 severe, and 0 extra severe cases (Table 3) .
Complications
Altogether eight cases experienced infection of which four showed superficial wound infections and four showed deep infections (intracranial infection caused by intraoperative Three cases died during or after the TARP procedure. The first case died of cerebellar infarction caused by vertebral artery injury due to a high-riding vertebral artery injured by C2 screw placement. The second case died of respiratory obstruction caused by local anesthesia prepared for laryngeal scope examination to check wound healing. The third case died of respiratory obstruction caused by a sleep apnea syndrome.
DISCUSSION
With the combination of the TARP plate and the reduction instrument, the TARP procedure can achieve immediate atlantoaxial release, reduction, decompression, and internal fixation through one approach and one procedure while the patient can stay in one position. Because there is no need for intraoperative patient turnover and posterior decompression, the TARP procedure simplifies the surgical process and trauma and minimizes the chance of dural tear and related complications.
Reduction is the key event in the treatment of IAADs. In the past, traction and anterior transoral release were used to achieve gradual reduction with unsatisfying outcomes. Intraoperative immediate reduction used to be recognized as inappropriate because the reduction would break the pathological balance formed during the long process of AAD. In these patients, there are a lot of scar tissue and ossification in the atlantodens interval and the bilateral atlantoaxial joints. Intraoperative release and reduction would cause local anemia, edema, and injury to the decompressed ventral spinal cord. 7 We developed the three-dimensional TARP reduction instrument, which could implement flexible and tender reduction after sufficient decompression. The immediate reduction rate and anatomical reduction rate of the 340 cases were 100% and 98%, respectively, which demonstrated TARP procedure's applicability and efficacy. That is to say, immediate reduction of IAADs would not cause neurologic and vascular injury, which overturned the traditional concept and provided a new basis for progress in the treatment of IAADs.
For the FAAD cases, the bony fusion between C1 and C2 was usually regional and located at either the atlantodens interval or atlantoaxial lateral joint spaces. If the fusion site was at the atlantodens interval, the anterior arch of C1 was removed and then did the fusion site. If the fusion sites were at the atlantoaxial lateral joint spaces, the callus were usually remove by a high-speed burr. After the removal of bony fusion sites between C1 and C2, there should be micromotion between C1 and C2. Further anatomical reduction was achieved by the cantilever mechanism imparted by the reduction instrument. For the FAAD cases with unanimous or posterior fusion between C1 and C2, we would choose odontoidectomy to achieve anterior cord compression. Usually for a case like this, we would create a CT-based 3D model to make thorough assessment of the fusion sites between C1 and C2.
The main element of spinal cord compression of IAADs is from the superior and posterior migration of the dens, compressing the ventral cord. The TARP procedure could implement inferior and anterior reduction of the dens and therefore relieve the ventral cord compression directly and efficiently. In 106 cases with complete follow-up, the spinal cord decompression relief rate is 88.4%, which is much better than the traditional posterior lever arm indirect decompression. Moreover, the decompression process of the TARP procedure is based on reduction, which obviates the resection of the anterior arch of C1 and the dens of C2 and the destruction of the posterior normal elements. 8, 9 From this standpoint, it is a relatively less invasive decompression process. Intra-and postoperative implementation of methylprednisolone or dexamethasone should, however, be included to prevent decompressional edema and reperfusional injury to the cord caused by decompression.
We adopted C2 anterior vertebral body screw fixation in the TARP-I and TARP-II procedures. Although the reduction is efficient, there was screw loosening in eight cases with senile osteoporosis. Moreover, it could not be used in cases with FAAD due to the short screw trajectory in the osteoporotic bone. To overcome these shortcomings, we started to improve the TARP system since September 2009. 10, 11 We adopted a new anatomical design of the TARP to make it fit snugly to the anterior atlantoaxial anatomy. More important, we improved the C2 vertebral body screw (6-12 mm) to an anterior C2 pedicle screw (12-22 mm) fixation, which is much more rigid to counteract the pullout strength rendered by the C1 redislocation tendency to C2 because of its longer trajectory and its position in the dense high bone density zone. In later cases with the improved TARP-III and TARP-IV, there was no screw loosening. It makes the TARP procedure more reliable in the treatment of IAAD and FAAD cases. The transoral surgical approach is a type II approach, which is susceptible to infection. There were 8 out of 304 cases (superficial, four cases; deep, four cases) with wound infection in the early stage. No other infection cases were found at the later stage. It indicates that infection could be avoided by strict patient selection, strict prevention strategies, and meticulous surgical skills to avoid dural tear. 12 Three cases died during or after the TARP procedure, which taught us several hard lessons: (1) Preoperative screening for the anatomical variation is critical to evaluate vascular abnormally, which is a relative or absolute contraindication for C2 anterior pedicle screw placement. (2) The airway should be cleared to avoid respiratory obstruction, especially when the respiratory function is not fully recovered postoperatively. (3) A ventilator should be used postoperatively for patients with sleep apnea syndrome to avoid unconscious airway obstruction.
Some surgeons expected that foreign body sensation, dysphagia, and dysfunction of cervical spine motion would occur after the TARP procedure. In the short postoperative period, some patients experienced contemporary dysphagia due to the mucosal swelling and bleeding. But at the third month's follow-up, this procedure will not cause dysphagia, which was proven by our clinical experience because of the relief of mucosal swelling and the thickness of the plate is only 2 mm. Based on our cases that had long-term followup, the loss of rotational cervical ROM can be partially compensated by lower cervical spine; therefore, the patient's quality of life was not seriously compromised by this procedure. Further studies are, however, needed to investigate this issue.
A digital orthopedic technique was adopted in the TARP-III and TARP-IV procedures, 13 which makes the FAAD cases treatable and therefore expands the indication of the TARP procedure. It solved problems that were thought untreatable before and helped patients out of the agony of FAADs.
The TARP system (with proprietary intellectual property rights) has reliable biomechanical properties, 14 the function of three-dimensional immediate reduction and rigid internal fixation. The outcome of the 11-year clinical application and follow-up shows that the TARP system is valuable and simple in that it renders release, reduction, decompression, and fixation in a one-staged operation. It provides a valuable and promising technique to the spine surgeon's armamentarium to treat IAADs and some FAADs with sufficient decompression, few complications, and broad indications.
CONCLUSION
The TARP procedure showed good anterior atlantoaxial release, reduction, decompression, and internal fixation for patients with IAAD and FAAD through a single anterior approach. It has the advantages of threedimensional immediate atlantoaxial reduction and sufficient decompression.
Key Points
The surgical techniques and clinical outcome of the TARPprocedure were introduced and reviewed in this report. Immediate reduction was achieved for all the patients with IAAD or FAAD, whereas anatomical reduction was achieved for 98.2% of patients with IAAD and for 87.5% of patients with FAAD. The average degree of spinal cord decompression ranged from 75% to 100% with an average of 88.4%. The TARP procedure showed good anterior atlantoaxial release, reduction, decompression, and internal fixation for patients with IAAD and FAAD through a single anterior approach.
